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Abstract Timing and distribution of magmatism, deformation, exhumation, and basin development
have been used to reconstruct the history of Laramide ﬂat‐slab subduction under North America during
Late Cretaceous‐early Cenozoic time. Existing geodynamic models, however, ignore a large (~40,000‐km2)
sector of the Laramide foreland in southwestern Montana. The Montana Laramide ranges consist of
Archean basement arches (fault‐propagation folds) that were elevated by thrust and reverse faults. We
present new thermochronological and geochronological data from six Laramide ranges in southwestern
Montana (the Beartooth, Gravelly, Ruby and Madison Ranges, and the Tobacco Root and Highland
Mountains) that show signiﬁcant cooling and exhumation during the Early to mid‐Cretaceous, much earlier
than the record of Laramide exhumation in Wyoming. These data suggest that Laramide‐style
deformation‐driven exhumation slightly predates the eastward sweep of magmatism in western Montana,
consistent with geodynamic models involving initial strain propagation into North American cratonic rocks
due to stresses associated with a northeastward expanding region of ﬂat‐slab subduction. Our results also
indicate various degrees of Cenozoic heating and cooling possibly associated with westward rollback of the
subducting Farallon slab, followed by Basin‐and‐Range extension.
Plain Language Summary The Laramide region in the western U.S. is characterized by some of
the highest topography in North America including the Wind River Range in WY and the Beartooth Range
of WY and Montana. These ranges have fed detritus to surrounding basins for millions of years and
contributed to modern ecosystems. These high topographic features and basins have signiﬁcantly impacted
paleoenvironmental conditions over geological time. The formation of these high‐relief ranges has been
linked to deep Earth, geodynamic, processes involving subduction of a ﬂat slab under the North American
Plate. Models of ﬂat‐slab subduction rely on the timing and pattern of deformation and exhumation of
Laramide ranges, which remains poorly understood. Our study provides new data on the timing of
deformation and exhumation of Laramide ranges in SW Montana and northern WY capable of testing
current models of ﬂat‐slab subduction.
1. Introduction
The Laramide orogenic event in the western interior U.S. is typiﬁed by basement‐involved uplifts and
intervening basins and inboard migration of igneous activity from the continental margin magmatic arc
more than 1,000 km into the western interior U.S. during the Late Cretaceous‐early Cenozoic (Behr &
Smith, 2016; Bird, 1998; Brown, 1988; Chapin & Cather, 1983; Coney & Reynolds, 1977; DeCelles, 2004;
Dickinson & Snyder, 1978; Erslev, 1993; Henderson et al., 1984; Humphreys, 2009; Humphreys et al.,
2015; Jordan, 1981; Jordan & Allmendinger, 1986; Jones et al., 2011; Liu et al., 2008, 2010; Livaccari et al.,
1981; Saleeby, 2003; Snyder et al., 1976; Tarduno et al., 1985). The Laramide event also involved a transition
from relatively localized ﬂexural subsidence in front of the Cordilleran thrust belt (Jordan, 1981; Roberts &
Kirschbaum, 1995) to much broader regional subsidence (Bird, 1984; Cross & Pilger, 1978; Liu &Nummedal,
2004; Mitrovica et al., 1989; Painter & Carrapa, 2013), followed by locally compartmentalized subsidence
associated with individual Laramide uplifts and basins (Dickinson et al., 1988; Lawton, 1983, 2008). The
structural style and peculiar magmatic history of the Laramide region (Figure 1) distinguish it from the
remainder of the Cordilleran orogenic belt. Since the 1970s, the Laramide event has been interpreted to
be the result of upper plate deformation in response to low‐angle or ﬂat‐slab subduction, but the causes of
ﬂat‐slab subduction are still debated (e.g., Bird, 1984, 1998; Coney & Reynolds, 1977; Dickinson & Snyder,
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1978; Henderson et al., 1984; Jones et al., 2011; Jordan & Allmendinger,
1986; Lipman et al., 1971; Liu et al., 2010).
Explanations of Laramide ﬂat‐slab subduction can be categorized as (1)
those that attribute slab ﬂattening to features of the subducting plate
(e.g., Henderson et al., 1984; Liu et al., 2010; Livaccari et al., 1981;
Saleeby, 2003) and (2) those that see the ﬂat slab as a result of interactions
between both upper and lower plates in the context of global plate kine-
matics and local geometry of the North American craton (e.g., Bird,
1998; Engebretson et al., 1985; Jones et al., 2011). Among the ﬁrst class
of models are those that attribute ﬂattening of the slab to subduction of
buoyant oceanic plateaux or aseismic ridges (e.g., Henderson et al.,
1984; Liu et al., 2010; Saleeby, 2003). This view ﬁnds support frommodern
examples of ﬂat‐slab subduction beneath western South America that are
associated with oceanic aseismic ridges (e.g., Gutscher, 2000). Recent
numerical models (Axen et al., 2018; Liu et al., 2008, 2010) posit that an
oceanic plateau on the Farallon plate—referred to as the Shatsky conju-
gate plateau after its modern counterpart in the northwest Paciﬁc basin
—collided with the coastline of southwestern North America and subse-
quently was subducted at low angle along an approximately northeast-
ward trajectory beneath the Laramide region of Arizona, New Mexico,
Utah, Wyoming, and Colorado. Although the northeastward trajectory
of the hypothetical Shatsky conjugate is consistent with some kinematic
indicators from Laramide uplifts (Erslev, 1993, 2005; Bird, 1998), Bird
(1998) noted that plateau subduction alone cannot explain the greater
than 35‐Myr duration of the Laramide event, given the rapid rate of plate
convergence during this time interval. Moreover, many of these models
invoke a relatively narrow ﬂat‐slab corridor trending approximately
N15°E (Axen et al., 2018; Saleeby, 2003), which fails to explain the broad
extent of Laramide basement block uplifts from the Mexican border to
north central Montana. In constrast, Dickinson and Snyder (1978) and
Bird (1984, 1998) argued that basal traction on the North American plate
by east‐northeastward and horizontally subducting Farallon lithosphere
transmitted shear stress into the crust, which deformed along preexisting
heterogeneities. These and other early models for the Laramide (e.g.,
Cross, 2009; Cross & Pilger, 1978) depicted a much broader and tempo-
rally variable extent of ﬂat‐slab subduction, directed along an azimuth
of approximately N65°E, which is consistent with regional shortening
directions in the Laramide uplifts (Erslev & Koenig, 2009; Hamilton,
1988). Models in the second class attribute initial low‐angle subduction
to increased rate and orthogonality of convergence (Engebretson et al.,
1985); slab ﬂattening is subsequently enhanced by differential pressure in the mantle associated with con-
stricted asthenospheric return ﬂow in the vicinity of the deep keel of theWyoming craton (Jones et al., 2011).
Assessment of these and other models for the Laramide event hinges on the availability of accurate estimates
for the timing of the Laramide uplifts. Unfortunately, the timing of Laramide structural events has been dif-
ﬁcult to date directly because the rocks involved in the uplifts have not been metamorphosed since the
Precambrian, the kinematic events involved in the Laramide were largely amagmatic, and few studies have
been able to assess the low‐temperature thermochronological ages of Laramide block exhumation (e.g.,
Copeland et al., 2017; Fan & Carrapa, 2014; Kelley, 2005; Omar et al., 1994; Peyton et al., 2012; Peyton &
Carrapa, 2013). Thus, the timing of Laramide ﬂat‐slab subduction has been inferred from the timing and spa-
tial distribution of regionally inboardmigratingmagmatism (e.g., Coney & Reynolds, 1977; Constenius et al.,
2003) and the timing of Laramide synorogenic sedimentation and basin development (e.g., Amato et al.,
2017; Crews & Ethridge, 1993; Dickinson et al., 1988; DeCelles et al., 1987, 1991; Graham et al., 1986; Hoy
& Ridgway, 1997; Ingersoll et al., 1987; Keefer, 1970; Lawton, 1983, 2008; Nichols et al., 1985; Ryder &
Figure 1. Map of western U.S., showing distribution of major Cretaceous
arc batholiths (Idaho (IB), Sierra Nevada (SNB), and Peninsular Range
(PRB) batholiths), the front of the Sevier fold‐thrust belt, Colorado Plateau,
and the area in which Laramide basement‐involved structures are present,
incorporating elements of Dickinson et al. (1988), DeCelles (2004), Saleeby
(2003), Lawton (2008), Liu et al. (2010), Yonkee and Weil (2015), and Axen
et al. (2018). Two proposed Shatsky conjugate plateau trajectories are shown
with bold lines labeled 1 and 2, annotated with times (in Ma) at which the
plateau arrived at given locations. Straight black solid and dashed lines
trending east‐northeast delineate regions of ﬂat slab proposed at labeled
times by Cross (2009). Green lines indicate locations of ﬂat slab hinge line at
labeled times according to Bird (1998). Inset (lower right) shows history of
the magmatic sweep across section line A‐A'. Distance from trench refers to
palinspastic distance east of the inferred location of the trench at 20 Ma;
modiﬁed after Constenius et al. (2003). Dashed rectangle in southwestern
Montana shows area of Figure 2.
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Scholten, 1973; Suttner et al., 1981). This approach cannot be used for most of the Colorado Plateau
Laramide uplifts, which lack syntectonic basin counterparts (for a possible exception, see Tindall et al.,
2010); in any case many of the synorogenic deposits do not capture the timing of initial Laramide unrooﬁng
(e.g., Crews & Ethridge, 1993; DeCelles et al., 1991; Hoy & Ridgway, 1997) and the deposits are difﬁcult to
precisely date.
A second important issue with recently publishedmodels for the Laramide orogenic event (Axen et al., 2018;
Jones et al., 2011; Liu et al., 2010; Saleeby, 2003) is that they do not accommodate southwestern Montana
(Figures 1 and 2), a region encompassing some 40,000 km2 of the Laramide foreland with at least eight
major, basement‐involved uplifts (Kulik & Schmidt, 1988). Like the classic Laramide uplifts of Wyoming
and the Colorado Plateau, the Montana Laramide structures are asymmetric, thrust‐ and reverse‐fault‐
bounded, Archean basement arches that can be modeled as large fault‐propagation folds (Blackstone,
1986; Brown, 1988; DeCelles et al., 1991; Erslev, 1991; Gries, 1983; Hoy & Ridgway, 1997; Schmidt &
Garihan, 1983; Stone, 1985); they are clearly separate from the Cordilleran fold‐thrust belt, which in its
thin‐skinned frontal part locally impinges upon the Laramide structures (Kulik & Schmidt, 1988; Perry
et al., 1988; Schmidt et al., 1988; Schmidt & Garihan, 1983). The Montana Laramide uplifts are 300–
500 km west of recently proposed trajectories of the Shatsky conjugate plateau (e.g., Liu et al., 2010; Axen
et al., 2018; Figure 1).
In order to provide new information to help constrain geodynamic models for the Laramide event, we pre-
sent low‐temperature thermochronological data from six Laramide uplifts in southwestern Montana. Our
results provide data critical for developing a more complete picture of Laramide kinematic history and for
testing and reﬁning geodynamic models for the Laramide event.
2. Geologic Setting of Southwest Montana Laramide Uplifts
From Late Jurassic through Paleocene time, eastward subduction of the Farallon oceanic plate beneath the
North American plate produced the Cordilleran orogenic belt, which extends from central Mexico to the
Figure 2. Simpliﬁed geologic map of southwestern Montana highlighting Laramide basement uplifts, Cordilleran thin‐
skinned thrust faults, and Late Cretaceous‐mid Cenozoic igneous rocks, modiﬁed after Schmidt and Garihan (1983)
and Vuke et al. (2007). Frontal Cordilleran thin‐skinned thrust is shown as red barbed line west of Dillon, along the SMTZ,
and along the eastern margin of the Helena salient. Note that thin‐skinned Cordilleran thrust faults impinge on
Laramide basement structures in the Highland and Tobacco Root Mountains. Box in Tobacco Root Mountains (TRM)
indicates area of the Brady et al. (2004) study referred to in text.
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Alaskan and Canadian Arctic (Colpron et al., 2007; DeCelles, 2004; Dickinson, 2004; Yonkee & Weil, 2015).
Flanking the orogenic belt on the east was a continental‐scale retroarc foreland basin (DeCelles, 2004; Miall
et al., 2008; Plint et al., 2012). At the latitude of southwestern Montana during the Late Cretaceous, the oro-
gen consisted of an outboard accretionary belt, a continental‐margin magmatic arc, and an eastward verging
retroarc fold‐thrust belt (e.g., Dickinson, 2004; Gaschnig et al., 2010; Goldstrand, 1994; Lund & Snee, 1988;
Perry et al., 1988; Schmidt et al., 2016). Deformation in the fold‐thrust belt overlapped temporally with
Laramide thick‐skinned deformation to the east between ca. 85 and 40 Ma (e.g., DeCelles, 2004; Yonkee
&Weil, 2015). In southwesternMontana, the front of the fold‐thrust belt forms an arcuate, eastward concave
reentrant west of Dillon that is connected via the Southwest Montana Transverse zone (SMTZ; Schmidt &
O'Neill, 1982) to the eastward convex Helena salient (Figure 2). The SMTZ is a system of oblique thrusts
and strike‐slip faults that reactivated the southern margin of an east trending Proterozoic rift (McMannis,
1963; Schmidt & O'Neill, 1982; Schmidt & Garihan, 1983). Archean crust was offset downward to the north
across this boundary during Proterozoic time (McMannis, 1963), thus helping to explain the abrupt north-
ward termination of local Laramide structures.
The Laramide foreland of southwestern Montana contains at least eight, major basement uplifts that,
together, form the northwestern corner of the Laramide structural province, bounded on the north by the
SMTZ and on the west by the frontal part of the fold‐thrust belt (Figure 2). Thin‐skinned thrust faults in
the frontal fold‐thrust belt locally modiﬁed the edges of preexisting foreland basement uplifts (Schmidt &
Garihan, 1983; Schmidt et al., 1988; Ruppel & Lopez, 1984). The basement rocks that form the Laramide
uplifts were structurally elevated along roughly north trending foreland arches in the hanging walls of west
and southwest dipping thrust faults and in the hanging walls of northwest striking, northeast dipping, high‐
angle reverse faults of Precambrian ancestry (Figure 2; DeCelles et al., 1987; Garihan et al., 1983; Schmidt &
Hendrix, 1981; Schmidt & O'Neill, 1982; Schmidt & Garihan, 1983; Schmidt et al., 1988, 1993). Some of these
uplifts have been strongly modiﬁed by Miocene Basin‐and‐Range normal faults. Unlike the Laramide fore-
land of Wyoming and Utah, the Montana foreland contains a number of granitoid plutons, related volcanic
deposits, and hydrothermal mineralization of Late Cretaceous to early Cenozoic ages (ca. 80–64Ma; Figure 2
; e.g., du Bray & Harlan, 1998; Lund et al., 2002; Foster et al., 2002, 2012); magmatism continued to the east
until ca. 55 Ma (Constenius et al., 2003, and references therein). In some cases (e.g., the Tobacco Root bath-
olith) plutons intruded the cores of Laramide uplifts (Sarkar et al., 2009; Schmidt & Garihan, 1983; Schmidt
et al., 1990; Tysdal et al., 1986). To the west, the Idaho batholith represents the Cordilleran magmatic arc at
the latitude of western Montana; unlike the magmatic arc in California and adjacent Nevada, the Idaho
batholith and its satellite plutons were active more or less continuously through Late Cretaceous and early
Cenozoic time (du Bray et al., 2012; Gaschnig et al., 2017; Lund et al., 2002).
3. Timing of Laramide Uplifts: Previous Work
Various proxies have been used to date the Laramide event, including the ages of coarse‐grained synorogenic
sedimentary rocks associated with Laramide structures, subsidence histories of Laramide basins, and sedi-
mentary provenance data that record the times of source‐rock exposure in Laramide ranges. All of these
proxies, however, have inherently large temporal uncertainties. For example, the ages of Laramide synoro-
genic deposits are commonly poorly constrained because of their coarse grain size and lack of high‐resolution
biostratigraphic age indicators (e.g., Crews & Ethridge, 1993; DeCelles et al., 1987, 1991; Fan et al., 2011;
Haley, 1986; Haley & Perry, 1991; Hoy & Ridgway, 1997). Moreover, synorogenic conglomerates in the
Laramide region commonly rest in angular unconformity on upturned preorogenic rocks and therefore post-
date initial structural growth and source‐terrane erosion (e.g., Crews & Ethridge, 1993; DeCelles et al., 1991;
Hoy & Ridgway, 1997). Subsidence histories in Laramide basins, which generally lack datable volcanogenic
materials, are subject to chronostratigraphic uncertainties. Thermochronological studies also have limitations
because the recorded timing of exhumation may long predate and/or initial deformation, such as in theWind
River Range in Wyoming (Fan et al., 2011; Fan & Carrapa, 2014; Orme et al., 2016; Stevens et al., 2016).
Based on the record of sedimentation in Laramide basins, Dickinson et al. (1988) suggested synchronous
initiation of the Laramide uplifts during theMaastrichtian, followed by diachronous termination from north
to south between early and late Eocene. Copeland et al. (2017) extended the duration of Laramide activity
into the Oligocene. In Utah stratigraphic thinning above the San Rafael Swell suggests Laramide
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structural growth during Campanian time (Guiseppe & Heller, 1998; Lawton, 1983). Recent work in Utah
(Lopez & Steel, 2015) indicates that Laramide ranges were rising and affecting basin subsidence by ca.
72 Ma, and a clear dynamic control (which cannot be explained by ﬂexure) on regional subsidence (consid-
ered to be related to ﬂat‐slab subduction) is evident since ca. 81 Ma (Cross, 2009; Liu & Nummedal, 2004;
Painter & Carrapa, 2013). Angular unconformities and stratal thinning patterns indicate that uplift of the
Laramide Moxa and Rock Springs arches predated late Campanian time in southwestern Wyoming
(Devlin et al., 1993; Leary et al., 2014; Mederos et al., 2005). Tindall et al. (2010) argued that the East
Kaibab monocline in southern Utah was active between ca. 76 and 80 Ma. Initiation of the Laramide in
NewMexico has been dated to ca. 75–70 Ma, and coeval magmatism suggests that the slab was steep enough
to enable melting (Amato et al., 2017). A similar time of Laramide initiation has been shown for Sonora and
southeastern Arizona (Clinkscales & Lawton, 2015). In southwestern Montana, the Maastrichtian Sphinx
Conglomerate signals activity on the Scarface thrust, which bounds the eastern ﬂank of the Laramide
Madison‐Gravelly arch (Figure 2; DeCelles et al., 1987). The Paleocene Beartooth Conglomerate contains
growth structures attributable to development of the eastern boundary thrust of the Laramide Beartooth
Range (Figure 2; Flueckinger, 1970; DeCelles et al., 1991). These latter two examples, however, provide only
minimum ages for the onset of deformation because both synorogenic conglomerates rest in angular uncon-
formity upon preorogenic strata.
The record of basin subsidence in the western U.S. indicates that the transition from classic foreland basin
subsidence to longer‐wavelength subsidence commenced at ~85 Ma (DeCelles, 2004; Gries, 1983; Jordan,
1981). Onset of a regional, dynamic component of subsidence at ca. 81 Ma (Painter & Carrapa, 2013) is con-
sistent withmantle convection above a shallowly subducting Farallon plate (Gurnis, 1993, Liu & Nummedal,
2004; Liu et al., 2010; Mitrovica et al., 1989; Pang & Nummedal, 1995; Spasojevic et al., 2009). Numerical
models show that the northeastward progression of a ﬂat slab can ﬁt with the eastward shift of the foreland
depocenter (Liu et al., 2008, 2010; Heller & Liu, 2016). Although this large‐scale episode has been dynami-
cally related to ﬂat‐ or shallow‐slab subduction (Gurnis, 1992; Heller & Liu, 2016; Liu et al., 2008,
Mitrovica et al., 1989; Pang & Nummedal, 1995; Painter & Carrapa, 2013), identifying a real dynamic sub-
sidence component is challenging as it can be related to different processes. For example, regional dynamic
subsidence can be caused by penetration of the subducting slab into the lower mantle (Faccenna et al., 2017;
Yang et al., 2016). In any case, the structural partitioning of the Laramide foreland must largely postdate
regional dynamic subsidence because Laramide basins disrupted the long‐wavelength subsidence pattern.
Low‐temperature thermochronological data that document the timing of cooling and erosion associated
with deformation of Laramide structures are available for several Laramide ranges inWyoming (for a review
see Peyton & Carrapa, 2013). Most of the Wyoming ranges that have been studied record Cenozoic cooling
(Peyton et al., 2012). Exhumation of the Wind River Range occurred between ca. 60 and 50 Ma (Fan &
Carrapa, 2014; Stevens et al., 2016). Apatite ﬁssion track (AFT) and (U‐Th[‐Sm])/He thermochronology have
been applied to Precambrian basement samples of the Beartooth Range (Cerveny & Steidtmann, 1993; Omar
et al., 1994; Peyton et al., 2012; this study) and the Bighorn Range (Crowley et al., 2002; Peyton et al., 2012),
revealing a complex Cretaceous to early Cenozoic cooling history. Although cooling in the Beartooth Range
initiated earlier than ca. 58 Ma, the timing of initiation of exhumation remains largely unconstrained
(Peyton et al., 2012). Combined thermochronological, sedimentary provenance, paleoaltimetry, and strati-
graphic data indicate two pulses of Laramide uplift, erosion, and basin subsidence in Wyoming: one at ca.
~71 Ma and a second during the Paleocene; the latter was attributed to slab rollback (Fan & Carrapa,
2014). However, the paucity of data from the northern Laramide region of Montana prevents an assessment
of the true spatial pattern of Laramide exhumation. The goal of this study is to determine the tectonothermal
history of Laramide ranges in southwestern Montana and adjacent northern Wyoming through the applica-
tion of zircon U‐Pb geochronology, AFT, zircon (U‐Th[‐Sm])/He (ZHe), and apatite (U‐Th[‐Sm])/He (AHe)
thermochronology of basement rocks and modern river sand samples, and thermal modeling.
4. Materials and Methods
4.1. Zircon U‐Pb Geochronology
Before thermochronological data can be interpreted in terms of exhumation‐related cooling, the possibility
of magmatic cooling must be ruled out. This issue is acute in southwestern Montana, where Laramide
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structures may have been thermally affected by Late Cretaceous plutonism (e.g., du Bray et al., 2012;
Gaschnig et al., 2010, 2017; Lund et al., 2002; Sarkar et al., 2009; Schmidt et al., 1990). In order to constrain
the age of crystallization and the timing of magmatic‐related processes, zircon U‐Pb geochronology was
applied to four selected basement samples. Analyses were conducted on both rims and cores (R and C in
Table S1 and Figure S1 in the supporting information) to evaluate for possible magmatic overgrowths during
Cretaceous‐Cenozoic magmatism (e.g., Fornash et al., 2013). An average of 20 grains was analyzed for each
basement sample; U‐Pb results are presented in Figure S1. Analyses were conducted at the University of
Arizona LaserChron Center using the Nu multicollector ICPMS. Analytical details are available in the sup-
porting information; more information on zircon U‐Pb geochronology and data analyses are available in
Stacey and Kramers (1975), Gehrels et al. (2008), and Ludwig (2008).
4.2. Low‐Temperature Thermochronology
AFT, ZHe, and AHe thermochronology methods were applied to 10 basement samples from the Ruby,
Gravelly, Beartooth, and Madison Ranges, and the Highland and Tobacco Root Mountains, along with
two conglomerate clasts from the Renova Formation (mid‐Eocene‐early Miocene; Schwartz & Schwartz,
2013) and Sphinx Conglomerate (DeCelles et al., 1987; Table 1 and Figure 2). The combination of AFT,
ZHe, and AHe thermochronology provides information on the timing of cooling through the ca.
250 °C–40 °C temperature window (Farley, 2002; Gleadow, Duddy, Green, & Hegarty, 1986; House et al.,
2000; Reiners, 2005; Figures 2 and 3). Detrital AFT was applied to three modern river sand samples
derived from the Tobacco Root Mountains and Beartooth Range to constrain the regional cooling signa-
ture of these ranges (Figures 2 and 4). For AHe analyses, apatite grains were selected on the basis of
clarity, lack of visible inclusions, and half‐widths greater than 60 μm (Farley et al. 1996). For AFT analy-
sis, apatite grains were separated, mounted, and etched in 5.5‐M nitric acid for 20 s at 21 °C according to
the protocols of Donelick et al. (2005). After irradiation, the mica prints were etched at 21 °C in 40% Hf
for 45 min following Donelick et al. (2005) and analyses were conducted at the University of Arizona
Fission Track Laboratory. Fission track ages were calculated using the external detector method
(Hurford & Green, 1983). Irradiation was performed at the Oregon State University reactor. AHe and
ZHe analyses were performed at the University of Arizona (U‐Th[‐Sm])/He Laboratory following the
methods described in Reiners et al. (2004). An average of ﬁve single grains per samples were targeted
for (U‐Th[‐Sm])/He analyses (Tables S2 and S3). More information on U‐Th[‐Sm])/He analyses can be
found in Reiners and Nicolescu (2006).
HeFTy modeling software (Ketcham, 2005; Ketcham et al., 2007) is used to create inverse thermal models of
low‐temperature thermochronological data. The diameters of ﬁssion track etch pits (Dpar) weremeasured for
each AFT‐modeled sample in order to determine annealing kinetics (Donelick, 1993); conﬁned lengths were
measured when present.
Basement samples with at least 50 measureable conﬁned track lengths are from the Beartooth Range, Ruby
Range, Tobacco Root Mountains, and Highland Mountains. Four to six Dpar measurements were recorded
for each counted grain and for grains with measured conﬁned track lengths in order to account for chemical
composition (Donelick, 1993).
Conﬁned track length distributions provide information on the thermal history of a sample (Gleadow,
Duddy, Green, & Lovering, 1986). The temperature window in which tracks anneal in apatite is between
~120 °C and ~60 °C and is referred to as the Partial Annealing Zone (PAZ); the time spent within the
PAZ governs the annealing process and the conﬁned track lengths (Gleadow, Duddy, Green, & Lovering,
1986). Inverse thermal modeling using HeFTy (Ketcham, 2005) together with independent geological infor-
mation allows for the evaluation of the best thermal history for each analyzed sample. A set of likely time
temperature histories was generated by inverse modeling for each basement sample based on available
AFT ages, conﬁned track lengths, and Dpar data; AFT, ZHe, and AHe ages were modeled independently
(Figure 5 and Tables 1 and 2).
For AHe data we use the RDAAM calibration model (Flowers et al., 2009), and for ZHe data we used the
Guenthner et al. (2013) model combined with the stopping distance calculations from Ketcham et al.
(2011). Additional details on model parameters can be found in Table 2. These models exploit the role of
radiation damage in apatite and zircons to reconstruct the thermal histories of the sample. Age‐eU
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Figure 3. (a) All thermochronological ages from this study (Tables 1, S2, and S3); (b) density kernel function of ZHe and
AHe ages from all samples; calculated using Density Plotter (Vermeesch, 2012).
10.1029/2018JB016888Journal of Geophysical Research: Solid Earth
CARRAPA ET AL. 2109
Figure 4. Density kernel functions of detrital AFT ages from modern river sand samples from the Beartooth Range and Tobacco Root Mountains; refer to Figure 2
for sample locations. Open circles on age axis indicate individual ages. Vertical lines and ages represent populations calculated in automated mode using Density
Plotter (Vermeesch, 2012). The program was run in automated mode to produce the minimum number of populations (indicated in the ﬁgure).
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relationships of apatite (U‐Th[‐Sm])/He data are shown in Figures S2 and S3. Strong eU age correlations
suggest that the samples have spent signiﬁcant time in the partial retention zone (Flowers et al., 2009;
Fox & Shuster 2014; Gautheron et al., 2009; Willett et al., 2017). Additional details on analytical
techniques are provided in the supporting information.
We initially modeled all thermochronometers together; however, in order to obtain acceptable ﬁts, we had to
model mean ZHe and AHe ages and compositional data together with AFT data. After this initial exercise,
we decided to model all thermochronometers separately using multiple aliquots (for U‐Th/He analyses) to
demonstrate that AFT and He data independently show a Cretaceous cooling signature.
Figure 5. HeFTy inverse modeling results of AFT and (U‐Th)/He results for the Camp Creek, Rochester, Ruby Canyon, and S. Boulder samples. AFT and AHe
models start with an initial T‐window between 60 °C–200 °C between ca. 200–180 and 500–480 Ma, respectively. ZHe models all started with an initial
T‐window between 180 °C–250 °C and ca. 500–480 Ma. All models ended with a T constrain between ca. 40 °C and 0 °C at present. See text and supporting
information for additional details.
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5. Geochronologic and Thermochronologic Results
5.1. Zircon U‐Pb Geochronology Results
All zircon U‐Pb geochronologic data presented here are from samples of granitic orthogneiss outcrops or
clasts in conglomerates. All samples analyzed show Archean to Paleoproterozoic ages with no differences
between rim and core analyses; there is no evidence of Mesozoic or Cenozoic zircon rim growth
(Figure S1 and Table S1). The Camp Creek sample from the Highland Mountains produced a concordia
(and mean) age of ca. 1798 Ma; the Rochester Gulch sample (a clast in the Renova Formation derived from
the Highland Mountains) shows a Concordia age of ca. 2812 Ma; the Rosebud and the Stillwater samples
from the Beartooth Range show concordia and mean ages of ca. 3243 and ca. 2814 Ma, respectively
(Figure S1 and Table S1).
Table 2
Modeling Parameters for HeFty Inverse Models in Figures 5 and 6 Following Recommendation From Flowers et al. (2015)
1. Thermochronological data for inverse modeling
ZHe data * number of aliquotes modeled Data source Parameters*
Camp Creek ‐ 5 (all) Table S2 4Ev
S Boulder 5 (all) Table S2 4Ev
Stillwater 4 (Zr 1, 2, 3, 4) Table S2 4Ev
Rochester 4 (Zr 2, 3, 4, 5) Table S2 4Ev
Rosebud 3 (Zr 1, 2, 3) Table S2 4Ev
Sphinx 3 (Zr 2, 3, 4) Table S2 4Ev
AHe data * number of aliquotes modeled Data source
Camp Creek 4 (Ap 1, 2, 3, 5) Table S3 4Ev
S Boulder 3 (Ap 1, 2, 3) Table S3 4Ev
Ruby Canyon 3 (Ap 1, 2, 3) Table S3 4Ev
Stillwater 2 (Ap 4, 5) Table S3 4Ev
Rochester 3 (Ap 1, 3, 4) Table S3 4Ev
Rosebud 2 (Ap 2, 3) Table S3 4Ev
Sphinx 3 (Ap 2, 4, 5) Table S3 4Ev
AFT data** data modeled Data source
Camp Creek Tables S4 and S5 4Ev
S Boulder Tables S4 and S5 4Ev
Ruby Canyon Tables S4 and S5 4Ev
Stillwater Tables S4 and S5 4Ev
Clark's Fork Tables S4 and S5 4Ev
*Initially, all aliquots were modeled together and then subsequently one aliquot at a time was removed until a ﬁt was
found.
Different permutations were tried.
**See Table 1
Data treatment, uncertainties, and other relevant constraints
He data:
Treatment: Each zircon and apatite analysis was modeled independently but simultaneously for each sample.
Uncorrected date were corrected for σ‐ejection in HeFTy and stopping distance using Ketcham et al. (2011).
Alpha calculation: redistribution.
Lengths are C axis corrected.
Etching: 5.5. molar nitric acid.
compositional data from Dpar.
*Parameters used in HeFty.
All data are modeled using the following constraints (Ketcham, 2017).
The number of time the segments between constraints are halved is 4.
Randomizer style: Episodic mode (E).
Paths between constraints: monotonic variable (v), to allow for both heating and cooling.
2. Additional geological information.
Clark's Fork cgl. are Paleogene requiring the CF4 sample to have been exhumed by then and allowing possible burial
after Paleogene time.
3. System and model speciﬁc parameters.
ZHe model: Guenthner et al. (2013).
AHe model: RRDAM, Flowers et al. (2009).
FT annealing model: Ketcham et al. (2007).
FT c‐axis projection: yes.
Statistical ﬁtting criteria: standard HeFty values number of paths attempted: when number of good paths = 100 or
between 50,000 and 100,000.
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5.2. Low‐Temperature Thermochronology Results
All thermochronological ages are presented in Figure 3 and in the supporting information (Tables S2–S5).
The following results are presented in geographical order fromwest to east. The Camp Creek basement sam-
ple from the Highland Mountains produced an AFT central age of 62.0 ± 4.1 Ma (Tables 1 and S4). ZHe ages
for the same sample are between ca. 72 and 61 Ma (Table S2); AHe ages are between ca. 52 and 40 Ma
(Table S3). Themid‐Cenozoic Renova Formation conglomerate clast (Rochester Gulch), a fragment of gneiss
derived from the Highland Mountains, produced an AFT central age of 69.6 ± 5.4 Ma (Table 1). ZHe ages
from the same clast are between ca. 44 and 76 Ma (Figure 3 and Tables S2). No AHe ages are available for
this sample.
The South Boulder basement sample from the Tobacco Root Mountains produced an AFT central age of
49.2 ± 3.7 Ma; ZHe ages are between ca. 80 and 64 Ma, and AHe ages are between ca. 27 and 13 Ma. The
Ruby Canyon basement sample collected from the eastern ﬂank of the Ruby Range produced an AFT central
age of 57.2 ± 3.8 Ma. AHe ages are between ca. 84 and 80 Ma. No ZHe ages are available for this sample. The
Gravelly Range basement sample from the eastern ﬂank of the Gravelly Range produced an AFT central age
of 46.8 ± 4 Ma. No (U‐Th)/He data are available for this sample. Directly east of the Gravelly Range, the
Sphinx basement sample from Archean gneiss in the hanging wall of the Scarface thrust in the Madison
Range displays an AFT central age of 18.0 ± 2.4 Ma; ZHe ages are between ca. 125 Ma and 44 Ma, and
AHe ages are between ca. 84 and 56 Ma. The Maastrichtian Sphinx Conglomerate volcanic clast (Table 1),
from the transition between the Livingston Formation and the Sphinx Conglomerate in the Madison
Range, yielded an AFT central age of 41.5 ± 3.2 Ma. No (U‐Th)/He data are available for the Sphinx
conglomerate clast.
The Stillwater basement from the northern part of the Beartooth Range has a central AFT age of
56.5 ± 3.9 Ma; ZHe ages are between ca. 83 and 27 Ma, and AHe ages are between ca. 191 and 70 Ma.
AFT central ages from three basement samples from Clark's Fork Canyon on the southeastern margin of
the Beartooth Range are between ca. 97 and 73 Ma (Tables 1 and S4). No (U‐Th)/He data are available
for these samples. We note that previous studies in the Stillwater complex reported variable apatite compo-
sitions (high Cl variability) and ages (Gleadow et al., 2002). Our data from the Stillwater sample do not
show anomalous compositional or age variability (Figure 3 and Table S3). The river sand sample collected
along the South Boulder River in the Tobacco Root Mountains is best represented by an AFT detrital age
range between ca. ~80 and 40 Ma with a detrital population age of ca. 43 Ma (Figure 4). In the northeastern
part of the Beartooth Range, the Stillwater River AFT detrital age distribution is characterized by ca. ~60‐
and 40‐Ma populations. The AFT detrital sample collected along the East Rosebud River on the central
eastern ﬂank of the Beartooth Range is best represented by an AFT detrital age range between ca. ~110
and 60 Ma (Figure 4).
5.3. Thermal Modeling Results
In the following we discuss AFT, ZHe, and AHe inverse modeling results for different Laramide uplifts from
west to east. Most AFT samples have a complex (e.g., bimodal) conﬁned‐length distribution. No relation-
ships between age or length and Dpar are observed (Figure S3), supporting the interpretation that the bimo-
dal length distribution is a result of various times of residence in the PAZ and various degrees of heating and
cooling. This means that the central age for these samples represents an integrated (mixed) age and does not
represent initiation of cooling but only a minimum age of cooling initiation. Correct interpretation of the
thermal history for these samples requires modeling of ages, conﬁned lengths, and Dpar data. The inverse
modeling results presented are the best results obtained for all samples based on >50,000 runs per sample
(Table 2). For the AFT system we describe the oldest track age (i.e., the age of oldest ﬁssion track that has
not fully annealed; Ketcham, 2017) as the oldest cooling signature preserved by the sample and the oldest
inﬂections (within the appropriate T‐range for the chosen thermochronometer) in the good ﬁt envelopes
(pink), or in the acceptable ﬁt envelopes when good paths are not available, as representative of inception
of cooling (Figure 5). We note that any inﬂection in the inverse modeling envelopes that is older than the
oldest track age cannot be resolved. We started all (U‐Th)/He models at 500 Ma but show only the interval
200–0 Ma considering that no signiﬁcant cooling was detected before 200 Ma. For details on modeling para-
meters we refer to Table 2.
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Inverse modeling results of AFT data of the Camp Creek basement sample from the Highland Mountains
(Figure 5a) show an oldest track age of 85.7 Ma (oldest cooling) and early cooling between ca. 80 and
70 Ma; later cooling post ca. 25 Ma is also recorded. Inverse modeling results of ZHe and AHe data indicate
cooling between ca. 70 and 60 Ma and between 60 and 50 Ma, respectively. We note that ZHe results for this
sample are not consistent with AFT results; however, the AFT and AHe results are mutually consistent. The
diffusionmodel used in the ZHe inversion exercise is fromGuenthner et al. (2013), which has been shown to
be inaccurate in its treatment of radiation damage annealing (Ginster, 2018). Although similar issues may
exist for the AHe system (Fox & Schuster, 2014), the fact that AFT and AHe inverse modeling results are gen-
erally consistent with each other suggests that these issues may be less severe for the apatite system.
Although the Guenthner et al. (2013) model remains the best available, because of uncertainties raised by
Ginster (2018), we place less emphasis on the ZHe results and more on the combined AFT and AHe results.
Inverse modeling results for ZHe and AHe data from the Rochester Gulch sample (basement clast in the
Renova Formation) from the Highland Mountains show cooling between ca. 98 and 80 Ma and 72 and
60 Ma, respectively (Figure 5b). The Ruby Canyon sample from the Ruby Range (Figure 5c) shows an oldest
track age of 83.7 Ma and early cooling between ca. 78 and 70 Ma; some cooling after ca. 30 Ma is also
recorded. The South Boulder sample from the Tobacco Root Mountains (Figure 5d) has an oldest AFT track
age of 79.6 Ma; some cooling is recorded by inverse modeling of AFT data between ca. 78 and 60 Ma, but
most of the cooling occurred post ca. 40 Ma.
ZHe and AHe inverse modeling results show cooling between ca. 80 and 60 Ma and post ca. 20 Ma, respec-
tively. ZHe and AHe inverse modeling results from the Sphinx basement sample from the Madison range
show cooling between ca. 98 and 78 M and ca. 20 and 8 Ma, respectively (Figure 6a). The Stillwater sample
from the Beartooth Range (Figure 6b) records an oldest AFT track of 91 Ma and episodic early cooling
between ca. 88 and 70 Ma; some degree of cooling is also evident after ca. 30 Ma. Inverse modeling of
ZHe and AHe data shows cooling between ca. 90 and 65 Ma and ca. 100 and 65 Ma, respectively. Inverse
modeling of ZHe and AHe data for the Rosebud sample (Figure 6c) from the Beartooth Range shows cooling
between ca. 100 and 88Ma and 88 and 62Ma, respectively. The Clark's Fork sample (CF4), the lowest sample
collected along an age versus elevation proﬁle in Clark's Fork Canyon in the Beartooth Range (Figure 6d),
shows an oldest apatite ﬁssion track of 123 Ma. Inverse modeling of AFT data from sample CF4 displays
(1) cooling through the PAZ during the Early Cretaceous, (2) near‐surface temperatures by Late
Cretaceous time, (3) reheating in the early‐mid Cenozoic, and (4) later cooling in the Miocene (Figure 5).
Although we have no AHe ages from sample CF4, this interpretation is required by the bimodal distribution
of conﬁned lengths in this sample (Figure 6d). We also note that no good ﬁts are found without a reheating
event during the Cenozoic.
6. Tectonothermal History of Southwestern Montana and Connections to
Timing of Deformation, Sedimentation, and Magmatism
Our zircon U‐Pb ages from southwestern Montana show Archean to Paleoproterozoic ages and are generally
in agreement with 40Ar/39Ar ages of hornblende grains from the Tobacco Root Mountains showing
Proterozoic ages (Brady et al., 2004). No Cretaceous or Cenozoic rims were found in the analyzed samples.
Thermochronological data of basement samples in southwesternMontana record signiﬁcant cooling prior to
80 Ma and as early as ca. 120 Ma (Beartooth and Ruby Ranges). Early Cenozoic cooling was minor; some
reheating sometime between ca. 55 and 25 Ma, and subsequent cooling, occurred in the southern
Beartooth Range (AFT data from Clark's Fork sample; Figure 6d).
The timing of initiation of signiﬁcant Cretaceous cooling recorded by low‐temperature thermochronology
often predates the peak of magmatic activity in the region. Although the timing of magmatism in
Montana is complex (du Bray et al., 2012; Gaschnig et al., 2010; Harlan et al., 1996; Kellogg & Harlan,
1997), peak activity can be broadly bracketed between ca. 80 and 64 Ma (Lageson et al., 2001; Lund et al.,
2002) and eastward migration of the magmatic front occurred between ca. 80 and 55 Ma (Figure 1;
Constenius et al., 2003).
Although these events may have affected our thermochronological signal, several samples from this study
preserve an earlier record of cooling. Coupled with the fact that no evidence of magmatic/metamorphic
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overprinting is recorded by U‐Pb geochronology of zircon rims, this suggests that the Cretaceous cooling
recorded by low‐T thermochronology represents deformation‐driven exhumation rather than cooling
following Cretaceous magmatism.
Magmatic overprinting (contact metamorphism) suggested to have occurred in the Tobacco Root Mountains
at ca. 75 Ma based on a few 40Ar/39Ar hornblende ages (Brady et al., 2004; Figure 2) could explain some of
the cooling recorded by the South Boulder samples, although both AFT and ZHe data indicate that cooling
started as early as 80 Ma (Figure 5d). Interestingly, no signiﬁcant cooling is recorded by AFT between ca. 60
and 50 Ma, which is the main timing of cooling recorded by AFT in the Wind River Range in Wyoming
(Stevens et al., 2016).
Early to mid‐Cretaceous inception of Laramide deformation and exhumation in southwestern Montana is
generally older than the timing of peak magmatism in the region but is coeval with timing of exhumation
of the Idaho shear zone (ISZ; Braudy et al., 2017). The ISZ has been associated with contractional
Figure 6. HeFTy inverse modeling results of AFT and (U‐Th)/He results for the Madison, Stillwater, Rosebud, and Clark's Fork samples. Modeling constrains are
the same as samples in Figure 5. Other independent geological constraints were applied for sample CF4; for this sample we infer a location close to the surface
during the Paleocene because the nearby syntectonic Paleocene Beartooth Conglomerate was derived from the section of rocks that we sampled (DeCelles et al.,
1991); these same rocks must have been reheated, at least partially, due to burial by the conglomerate. When the two initial t‐T constraints were not enough to
produce acceptable results, larger t‐T boxes were applied to allow the model a higher degree of freedom.GOF: ood of ﬁtness (betweenmodel age andmeasured age).
Green areas: acceptable‐ﬁt paths, pink areas: good‐ﬁt paths; black lines: best ﬁt paths. Gray lines: time‐T corresponding to the oldest track age (the age of the oldest
ﬁssion track to survive annealing in the model simulation).
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deformation and northeast‐southwest directed convergence between the Insular superterrane and North
America (Giorgis et al., 2007, 2017). Exhumation of Laramide ranges during Early to mid‐Cretaceous time
has been suggested on the basis of complex isopach and paleocurrent patterns in Aptian‐Albian (ca.
120–95 Ma) ﬂuviolacustrine deposits (Schwartz & DeCelles, 1988; Suttner et al., 1981); the basal
conglomerate of the Kootenai Formation records drainage reorganization that was originally interpreted
to be related to intraforeland uplift and erosion of the Tobacco Root, Madison‐Gravelly, and Beartooth
Laramide blocks (DeCelles, 1986; Schwartz & DeCelles, 1988). An alternative explanation for the early
Cretaceous paleogeographic complexity of ﬂuvial systems in southwestern Montana is the development of
a broken ﬂexural forebulge in the region (DeCelles, 2004). Still unaccounted for is the volume of sediment
expected to have been eroded off of the early Laramide uplifts in Montana. As mentioned earlier, where
synorogenic conglomerates are preserved along the ﬂanks of Laramide structures, they generally postdate
the ca. 100–80‐Ma cooling/exhumation signal recorded in our data, as well as substantial amounts of struc-
tural deformation (Ryder & Scholten, 1973; DeCelles et al., 1987, 1991; Haley & Perry, 1991; Hoy & Ridgway,
1997). One possibility is that early exhumation of Montana Laramide uplifts entailed recycling of 1–2‐km
thicknesses of generally ﬁne‐grained distal foreland basin deposits off the tops of growing uplifts and
bypassing into distal depocenters, rather than accumulating adjacent to growing uplifts (DeCelles et al.,
1991). This, combined with the fact that cooling during rock uplift may predate erosion, could account for
the magnitude of cooling recorded by our samples (ter Voorde et al., 2004).
Some reheating during the Paleogene may be related to late magmatism in the Idaho and Boulder
batholiths (Gaschnig et al., 2010; Lund et al., 2002) or to widespread Eocene magmatic activity in western
Montana, including the Absaroka volcanic ﬁeld (Chadwick, 1970; Feeley & Cosca, 2003; Hearn, 1989;
Smedes & Prostka, 1972). Late Eocene‐Oligocene heating in the Beartooth Range may also be associated
with Absaroka volcanic activity and/or slab rollback (e.g., Constenius et al., 2003; Schwartz & Schwartz,
2013). A reheating event in the eastern Beartooth Range (Clark's Fork sample) could also be related to
deposition of thick Paleogene synorogenic conglomerate along the eastern ﬂank of the range (DeCelles
et al., 1991). Cooling during the Neogene is recorded by AFT central ages from the Sphinx and Renova
conglomerate samples (Table 1) obtained from the Madison Range and Highland Mountains, respectively.
Neogene cooling is also recorded from inverse modeling of AFT samples from the Beartooth Range and
Highland Mountains. Neogene cooling is consistent with Basin‐and‐Range extension and exhumation
(Parsons, 1995).
Detrital AFT data from rivers draining the Beartooth Range and Tobacco Root Mountains show main age
populations between ca. 39 and 75 Ma with an older component at 176 Ma (Figure 4). Although detrital ages
are assumed to mirror mean ages of basement samples from the ranges they are derived from, the detrital
ages are subject to the same ambiguities that accompany basement samples in terms of complex thermal
histories; therefore, they only represent a minimum age of exhumation. This is evident by the detrital
populations recorded by the Stillwater, Rosebud, and South Boulder Rivers draining the northern and
central Beartooth Range and Tobacco Root Mountains, which are generally younger than the main cooling
ages of the basement they are derived from (Figure 5).
Because the exhumation history in Wyoming seems to record events that long postdate initial Laramide
deformation (Peyton & Carrapa, 2013; Peyton et al., 2012), the earlier history associated with inception of
thick‐skinned deformation and possible ﬂat‐slab subduction may have been overprinted by younger events
in Wyoming. Deformation could have begun before the onset of thermally recorded exhumation; thus,
thermochronological ages in Wyoming may only provide a minimum age for the beginning of Laramide
deformation. Our data from Montana preserve an earlier record of cooling, which could reﬂect a variety
of processes including ﬂuid ﬂow, postmagmatic cooling, and deformation‐driven exhumation. When
combined with other data from the region, our results suggest that the onset of Laramide‐style deformation
may have been earliest in southwestern Montana.
If the timing of magmatic sweep between ca. 80 and 55 Ma (Figure 1) in western Montana (Constenius et al.,
2003) faithfully represents the timing of slab shallowing, then thermochronological and geochronological
data from this study suggest that cooling and exhumation of at least some thick‐skinned structures in
Montana predated ﬂat‐slab subduction beneath this region. The onset of basement deformation could have
propagated through the region ahead of the ﬂat slab (e.g., Kulik & Schmidt, 1988; Gutscher, 2000), or
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magmatism associated with slab ﬂattening is only incompletely represented by surface exposures (Snyder
et al., 1976). Alternatively, thick‐skinned deformation in Montana is not related to slab shallowing or ﬂat‐
slab subduction and, instead, may be the result of (1) deformation associated with end loading of North
American lithosphere (or its deep keel) during Farallon‐North America plate convergence (Schmidt &
Perry, 1988; Erslev, 2005; DeCelles, 2004; Behr & Smith, 2016; Yonkee & Weil, 2015) or (2) lateral injection
of ductile lower crust from beneath the Cordilleran fold‐thrust belt (McQuarrie & Chase, 2000). Although
these ideas are consistent with some data sets, it is nevertheless difﬁcult to explain the inboard magmatic
sweep and many aspects of Laramide strain distribution with models that do not involve some component
of ﬂat‐slab subduction (Bird, 1984, 1998; Coney & Reynolds, 1977; Constenius et al., 2003).
7. Discussion
Obtaining good model ﬁts for all of the thermochronological data modeled together was challenging, and
although the precise timing of early cooling varies among samples, the general pattern is more important
than speciﬁc model outputs. The fact that all thermochronometers independently record various degrees
of cooling during the Middle to Upper Cretaceous suggests that regardless of individual model limitations,
the early cooling signal is signiﬁcant. Combined with evidence of Early to mid‐Cretaceous foreland basin
drainage complexity (Schwartz & DeCelles, 1988), this suggests that our early cooling signal represents tec-
tonically driven exhumation.
The record of the Laramide orogenic event consists of three main signals: (1) an increase in wavelength and
eastward shift in the locus of Late Cretaceous subsidence (Cross & Pilger, 1978); (2) nearly extinguished
magmatic activity within the linear Cordilleran magmatic arc near the west coast over the latitudal span
of the Laramide region, accompanied by inboard migration of much reduced magmatism (Coney &
Reynolds, 1977; Constenius et al., 2003; Lipman et al., 1971); and (3) the development of the basement‐
involved Laramide uplifts and intervening basins (Dickinson et al., 1988; Dickinson & Snyder, 1978;
Lawton, 2008). Each of these signals records a different aspect of the Laramide event, including the insertion
of the ﬂat slab beneath the Laramide region (Liu et al., 2010), the disruption of the magmatic plumbing sys-
tem beneath the arc (Coney & Reynolds, 1977; Constenius et al., 2003; Lipman et al., 1971), and the transfer
of stresses from the subducting ﬂat slab to the overlying North American Plate (Behr & Smith, 2016; Bird,
1984; Dickinson & Snyder, 1978; Erslev, 1993; Jones et al., 2011). Thermochronological data, such as those
presented here, track the timing of cooling and exhumation of individual Laramide uplifts and therefore
speak only to the last of these processes. Accordingly, our results suggest that Laramide deformation and
range exhumation were well underway in southwestern Montana by ca. 80 Ma, up to 10 Myr earlier than
suggested by existing data from Laramide uplifts of Wyoming. Although more data are needed from
Wyoming, existing data are consistent with models proposing enhanced coupling between the ﬂat slab
and the overriding plate to transmit compressive stresses cratonward into mechanically heterogeneous base-
ment crust of the upper plate, possibly beyond the limits of the ﬂat slab (e.g., Bird, 1984, 1988; Kulik &
Schmidt, 1988; Gutscher, 2000; Jones et al., 2011).
A general model for the Laramide ﬂat‐slab event involving a combination of initial slab shallowing owing to
increased convergence rate, followed by slab ﬂattening in response to interaction with the Archean craton
lithospheric keel (Jones et al., 2011), with or without subduction of a Shatsky conjugate (Liu et al., 2010),
would seem to satisfy most of the existing data from thermochronology and basin evolution. However, the
Laramide uplifts of Montana present some difﬁculties for recent geodynamic models that project a narrow
zone of shallow ﬂat‐slab subduction from the Mojave Desert region into central Wyoming along a north‐
northeastward trajectory (e.g., Axen et al., 2018; Jones et al., 2011; Liu et al., 2010). Reﬁned models might
include the effects of a spatially less restricted Shatsky conjugate moving along a trajectory more eastward
than northward; a zone of somewhat deeper, but still ﬂat, subducting Farallon lithosphere to the north of
the zone of shallowest subduction (e.g., Saleeby, 2003); and a cratonic lithospheric root that extends farther
north below the Archean crust of western Montana. Basement arches in central and northern central
Montana (e.g., Little Belt Mountains, Little Rocky Mountains, and Bowdoin Dome; Vuke et al., 2007) pre-
sent additional challenges for current notions of the location of the Farallon ﬂat slab.
Previous studies of uplift, basin subsidence, and erosional histories of the Laramide in Wyoming indicate
mostly early Cenozoic ages (e.g., Peyton et al., 2012; Stevens et al., 2016); these relatively young ages
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may represent thermal processes related to westward roll‐back of the subducting slab (Fan & Carrapa,
2014) or accretion of Shatsky conjugate depleted mantle lithosphere beneath Wyoming and the associated
upper crustal deformation and subsequent removal (Humphreys et al., 2015; Stevens et al., 2016). Westward
to southwestward migration of magmatism in the mid‐Cenozoic is consistent with the history of the stress
ﬁeld (Bird, 2002) and can be explained by westward migration of the Farallon plate hingeline and falling
away of the slab (referred to as slab rollback; Best et al., 2009; Coney & Reynolds, 1977; Constenius,
1996; Dickinson & Snyder, 1978). Accompanying southwestward slab rollback was a pattern of deformation
and exhumation across the Laramide region, possibly related to removal of dense mantle lithosphere
and/or asthenospheric upwelling (Constenius, 1996; Copeland et al., 2017; Fan & Carrapa, 2014;
Humphreys, 2009; Liu & Gurnis, 2010).
The Sierras Pampeanas of western Argentina provide a modern analog to the Laramide orogenic event
(Jordan & Allmendinger, 1986). If we assume that the Laramide ﬂat slab in southwestern Montana
transitioned northward to more normal subduction, as suggested by continuous magmatic activity in the
Idaho batholith and the magmatic arc along tectonic strike to the north (Gaschnig et al., 2017; Gehrels
et al., 2009), the conﬁguration of the slab was remarkably similar to the Pampean ﬂat slab, which transitions
southward into a normal‐angle subducting slab at ca. 32–33°S (Wagner et al., 2006; Porter et al., 2012). The
peripheral Laramide uplifts in north central Montana, western South Dakota, and Colorado are located
hundreds of kilometers inboard of the probable limit of ﬂat‐slab subduction (Jones et al., 2011; Liu et al.,
2010), analogous to the farthest inboard Sierras Pampeanas uplifts (Wagner et al., 2006). Perhaps the
anomalous Late Cretaceous to early Cenozoic (ca. 80–64 Ma) magmatic activity in southwestern Montana
is similar to melting associated with clockwise asthenospheric ﬂow around the southeast facing corner of
the Pampean ﬂat slab (Wagner et al., 2006). In Montana, asthenospheric ﬂow would have been counter-
clockwise around a northeast facing slab corner.
8. Conclusions
1. Southwestern Montana represents a signiﬁcant part of the Laramide foreland province that is underre-
presented in geodynamic models for the Laramide orogenic event.
2. SouthwesternMontana preserves a complete record of early Laramide exhumation as early as ca. 100Ma,
along with subsequent Eocene to early Miocene magmatic heating and/or burial (ca. 50–20 Ma) and post
ca. 25 Ma cooling and exhumation associated with Basin‐and‐Range tectonics. In the context of the exist-
ing evidence for eastward sweeping magmatism between ca. 80 and 55 Ma, our data suggest that at least
some exhumation of thick‐skinned structure in Montana and northwestern Wyoming took place craton-
ward from the area of ﬂat‐slab subduction, possibly due to stress propagation from enhanced intraplate
coupling over the ﬂat‐slab region.
3. Laramide deformation, exhumation, and sedimentation in southwestern Montana initiated earlier in
comparison to other parts of the Laramide foreland to the south. The greater areal distribution and earlier
timing of northern Laramide deformation provides new constraints on the shape, timing, and path of
entry of the ﬂat slab (with or without a Shatsky conjugate plateau) beneath western North America, as
well as its subsequent removal.
4. Additional thermochronological studies from the northern Laramide region of Montana and Wyoming
are essential to constrain the timing and trends of exhumation related to Laramide deformation and to
help test kinematic/tectonic models of thick‐skinned deformation and ﬂat‐slab subduction.
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